Determination of 129] in seawater and some environmental
materials by neutron activation analysis
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A neutron activation analysis method with pre-irradiation separation and post-irradiation purification is presented
for the determination of 1291 content and 1291/127] ratio in some environmental samples, such as seawater, seaweed,
grass and soil. An evaporation concentration followed by solvent extraction was used for the separation of iodine
from seawater, and akaline ashing or akaline fusion followed by water |eaching and solvent extraction for
vegetation and soil samples. A further post-irradiation purification of iodine was carried out by extraction and Pdl
precipitation. The concentrations of 1291 and 127] were then measured by counting 130 and 128], respectively. The
recoveries of iodine reach 60-95% and more than 98% in pre-concentration and post-irradiation purification
procedures, respectively. The detection limit of this method for 129] reached 2-3 x 10—13 g. Some samples

collected in Denmark and Iceland were analysed.

lodine-129 isthe only naturally occurring radioisotope of iodine
with along half-life of 1.57 x 107 a. Although all 12°] formed
in the primordia nucleosynthesis has decayed to 129Xe, and
only one stable isotope of iodine, 1271, remains in the Earth,
natural processes, such as spontaneous fission of 238U, thermal
neutron-induced fission of 235U and spallation reactions of Xe
in the upper atmosphere contribute to a steady state concentra-
tion of 1291, The estimated atom ratio of 1291/127] in the marine
environment is between 3 X 10-13 and 3 X 1012 and
10—15-10—14 in the lithosphere.*

Since 1945, the atom ratio of 1291/127| in the environment has
been significantly increasing by nuclear weapon tests as well as
the peaceful use of nuclear energy. The cumulative global
release of 1291 due to nuclear weapons testing has been
estimated to be 57 kg,* and the ratio of 1291/127] in the marine
environment wasincreased to 10—1-2 x 10—19and 10-°-10—7
in the terrestrial environment. However, the largest source of
anthropogenic 129 in the environment by far isthe reprocessing
of spent nuclear fuel. Recently, it was estimated that some
1400 kg of 129] was discharged by two main reprocessing plants
at Sdllafield, UK and Cap de La Hague, France over the past
three decades.2# Such large discharges of 129] to the ocean
make it a unique tracer for the study of the movement of water
masses, transfer of radionuclides and marine cycles of stable
non-conservation elements such as iodine and carbon. In fact,
using 129] as an environmental tracer was discussed as early as
1962.56 However, until recently, this potential was exploited
using reprocessing discharged 129 3. 7-11

Because iodine is an essentia trace element for humans and
is highly concentrated by the thyroid, the transfer of radiociodine
to humans is a more important problem, which should be
extensively studied. The determination of 129 in environmental
and human samples can be used not only for evaluation of
exposure of humansto 129| radiation, but also to re-construct the
past level of more dangerous short-lived radioiodine isotopes
131] and 33|, and evaluate the exposure of humans to it and its
transfer pathways.12.13

Much attention has been focused on the environmental level
of 129] and the pathways linking radioiodine deposition in the
environment and its transfer to the food chain via soil—grass-
milk—human.14-24 But up to now, no 129 data have been
reported in the environment of Denmark, which experiencesthe

influence of radioactive discharges and fallout from many
sources.

Many methods can be used for the determination of 1291, but
for 129] at environmental levels, only neutron activation analysis
(NAA) and accelerator mass spectrometry (AMS) can be used,
in which AMS is the most sensitive method available today.
But, because a high-energy accelerator is needed for this
method, it is not commonly available. As a consequence, NAA
isfirst and most often used for the analysis of 129]. In thiswork,
NAA with pre-irradiation separation and post-irradiation purifi-
cation was devel oped for the determination of 129] in seawater,
seaweed, soil and grass samples collected in Denmark.

Many determinations of 129 in fresh water have been
reported (see later) but little work has been reported on the
analysis of seawater,37-10 and none was carried out by NAA.
The reason is probably the much lower 1291 concentration in
normal seawater (10-12-10-° for ratio of 129/127]) and
difficulties in the separation and pre-concentration of enough
iodine from seawater. Seawater, unlike fresh water, contains a
large number of inorganic ions, such as Nat, K+, Caz+, Mg2*,
Cl—= and Br—, and this makes the separation of iodine more
difficult. In the analysis of total iodine in seawater, ion-
exchange and extraction were usually used for the separation of
iodinefrom asmall amount of seawater. Zhous separated iodine
from less than 0.9 | seawater for the determination of 129 by
AMS. However, it cannot be directly used for neutron activation
analysis of seawater with aratio of 129/127] |ess than 10—7. In
this work, a pre-concentration method of iodine from a large
volume of seawater for the determination of 1291 by NAA is
presented.

1 Experimental
1.1 Samples and chemicals

Brown algae Fucus vesiculosus were collected in Klint,
Denmark and Iceland, and dried at 105 °C before storage.
Seawater was collected in Roskilde Fjord, Denmark. Before
analysis, it was filtered through a filter paper. Grass was
collected in Risg of Roskilde and Valby, Denmark. It was dried
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at 70 °C for about 48 h, then ground into small pieces. Surface
soil sample (0-5 cm) was collected in Risg of Roskilde,
Denmark. It was dried at 70 °C for about 48 h, and ground. The
sampling sites of grass, soil, seawater and some seaweed are
shown in Fig. 1.

The standard solution of 1291 (NIST-SRM-4949c) was
purchased from National Institute of Standards and Technology
(NIST), Gaithersburg, MD, USA. Carrier free 25| and 131
solutions were purchased from Amersham Pharmacia Biotech,
Little Chalfont, Buckinghamshire, UK. Other chemical reagents
used were of analytical reagent grade.

1.2 Pre-concentration of iodine

1.2.1 Vegetation samples (seaweed and grass). Dried
seaweed or grass (40 g) was placed in a crucible; 160 ml KOH
(2.0 mol 1-1) and 0.2 ml 125] (100 Bq) solution for measurement
of chemical yield were added. After the sample was completely
mixed, the crucible was placed in an ovento dry at 70-80 °C for
about 3540 h. The dried samples were moved to a muffle
furnace, and firstly heated at 350 °C for 1 h to burn, and then
ashed at 650 °C for 4 h. After cooling, iodine was leached with
hot deionized water, filtering to remove the unashed residue.
Adding 2 ml of KHSO3; (0.3 mol 1-1) for prevention of
oxidation of iodide to molecular iodine, the leachate was
acidified to pH 1-0.5 with HNO3 with stirring, the acidified
leachate was transferred to a separation funnel, shaking to
completely release all gas produced by acidification. CCl, and
0.4 ml of NaNO, (0.5 mol |-1) were added to the funnel, with
shaking to extract iodine into the CCl, phase as elemental
iodine. The extraction procedure was repeated, the organic
phases were combined and iodine was back-extracted with
10-20 ml H,SO;3 solution (0.02 mol |—1). This extraction and
back-extraction procedure were repeated twice.

LiOH (0.3%) solution and MgO powder were then added to
the back-extracted aqueous phase to adjust the pH to 8-9 (less
than 2 ml LiOH solution). The solution was carefully evapo-
rated to = 0.5 ml on a hotplate and then transferred to a quartz
ampoule (10 mm diameter and 50 mm length), after which it
was dried at 70-80 °C. The recovery of iodine in the pre-
irradiation chemical separation was determined by the measure-
ment of 125] with a HeGe detector, which is the same as that for
the measurement of 130| and 126].

1.2.2 Soil sample. Taking 3-5 g soil toacrucible, 10 g KOH,
0.2 ml 125 splution (100 Bq) and 3.0-4.0 ml water were added.
After the sample was completely mixed, the crucible was placed
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Fig. 1 Distribution of the sampling location in Denmark (* sampling
location by Zhou, @ sampling location in this work).
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inan ovento dry at 70-80 °C for about 48 h. The dried samples
were heated gradually to 600 °C and maintained at this
temperature for 2 h in a muffle furnace to burn and fuse the
sample. After cooling, iodine was leached with hot deionized
water. After adding 2 ml of KHSO3 (0.3 mol |-1), leachate was
acidified to pH 1-0.5 with concentrated HNOs with stirring,
followed by centrifugation to remove residues. Thereafter the
iodine was separated and concentrated by the extraction and
back-extraction cycle described in the above section.

1.2.3 Seawater samples. Taking 4-10 | filtered seawater to
a beaker, 2 ml of 0.3 mol I-* KHSO;3, 1-2 mg iodine (KI), 0.2
ml 125] solution (100 Bq) and 15-20 ml KOH (1.0 mol 1-1)
solution were added, after which the sample was evaporated on
a hotplate to 0.4-1 |. The concentrated seawater was filtered
through a filter paper. Concentrated HNOs; and 2.0 ml of
KHSO; (0.3 mol | —-1) were added to acidify the seawater to pH 1
and convert different forms of iodinetoiodide. Theiodineinthe
leachate was then separated by the method described in section
121

1.3 Preparation of 129 standard

One ml of 129] solution (129]: 2.24 x 108 g ml—1; 127]: 0.404
mg mi—1), which was prepared by dilution of an original
standard solution (NIST-SRM-4949c), was added to 25 ml H,O
with 505.4 mg iodine (KI1). The iodine (121 and 127) was
separated by the extraction and back-extraction cycle described
in section 1.2.1. The back-extracted agueous phase was
neutralized to pH >8.0 with LiOH solution, and the volume
was adjusted to 50 ml with deionized water. This solution,
containing 4.48 X 10—10 g 129 ml—1 and 10.12 mg 127] ml—1
(theratio of 1291/127] s 4.43 x 10-8), was used as 129 and 127|
comparative standard solution.

A portion (0.4 ml) of the above 129 standard solution was
added to aquartz ampoule, and dried at 70-80 °C. The contents
of 129 and 127 in this 129] comparative standard were 1.76 X
10—10 g and 4.05 mg, respectively.

1.4 Neutron activation analysis

Seadled sample and standard ampoules were irradiated at a
thermal neutron flux of 4.0 X 10133 ncm-2s-1for 10 hin a
Danish DR-3 reactor.

1.5 Post-irradiation purification of iodine

After 10-15 h decay, the quartz ampoule was broken under a
solution containing 30 ml of deionized water, 2 ml of 0.3
mol -1 KHSO3, 10 mg Br— and 20 mg | — in a beaker. 3 ml of
1.0 mol 1= HNO3 was then added to the beaker to dissolve the
irradiated sample. lodine was purified by three cycles of
extraction with CCl, and back-extraction with KHSO; solu-
tion.

A portion (2-5 ml) of PdCl, solution (15 mg Pd2* ml—1) was
added into the back-extracted agueous phase; the precipitated
iodine as Pdl, was separated by filtering through a Millipore
filter. The precipitate with filter was sedled in a polyvial for
measurement.

1.6 Measurement of 130] and 126

The 130] and 12¢], which were produced from 129 and 127] by
neutron irradiation, were measured for 1-10 h using a HpGe
detector, coupled to a Canberra 8000-channel anayser. This
system has aresolution of 1.89 keV at 1332 keV and arelative



efficiency of 35%. The y-rays of 536 keV and 388.5 keV of 10|
and 126] were used to calculate the activities of these two
nuclides, respectively. The contents of 129 and 27| were
calculated by a relative method by comparing with a 129
standard.

1.7 Determination of 127] in grass, seawater and soil
samples

The concentrations of stable iodine (1271) in some samples were
determined by measuring 128] produced by the reaction 127I(n,
v)128]. The analytical methods for grass and seawater have been
described in detail elsewhere.2526 For soil samples, 0.5 ml of
separated iodine solution (see section 1.2.2) was taken and
sedled in a haf-dram polyvia. The iodine content was
determined by radiochemical NAA.25

2 Results and discussion

Table 1 shows the anaytica results of 1291 and 1271 and
calculated ratios of 1291/127| in seaweed, seawater, grass and soil
samples. It can be observed that the samples with aratio of 1291/
127] aslow as4 x 10—10 can be determined with a measurement
uncertainty less than 7%, and for grass and soil samples, 129 as
low as 10-12 g can be determined with an error less than
20%.

Zhoug and Yiou et al.” determined the 129] concentrations and
129]/127] ratiosin some seawater and seaweed samples collected
from Kattegat (Fig. 1) and Iceland by AMS. They observed that
the ratio of 1291/127] in seawater from Kattegat in 1992 ranged
from 3.26-6.19 x 10-8, and 2.4-3.9 X 10—10in seaweed from
Iceland in 1990-1991. Our results in Klint, which is close to
their sampling site in Kattegat (Fig. 1), and Iceland are in good
agreement with theirs.

The sampling sites of soil and grassin Roskilde and seawater
in Roskilde Fjord are located near Risg National Laboratory, at
which soil and grass samples were collected at the same site.
These two sampling sites are just about 300 m from the Danish
DR-3 reactor and closed DR-2 reactor. Other grass samples
were collected from Valby, 30 km from Risg. From Table 1, no
difference can be seen in the concentration of 129 in grass
samples collected from Risg and Valby. Theratio of 1291/127] in

grass from Valby is higher than that from Risg because of two-
times lower stable iodine concentrations in grass from Valby
than that from Risg. This may be explained by just about 300 m
distance from the grass sampling site in Risg to the coast of
Roskilde Fjord. This result indicates that no detectable amount
of 129] was released from the nuclear facilities in Risa.

Table 2 lists the reported 1291 concentration and 129]/127]
ratios in some environmental samples. Compared with our
results, it can be seen that the 1291 levels in soil and grass
analysed in this work were more than one order of magnitude
lower than those collected in the vicinities of some nuclear
facility, such as Sellafield, UK, Mol, Belgium and WAK
reprocessing plant, Germany, and within the ranges of environ-
mental background levels in Germany and Japan.

2.1 Pre-concentration of iodine from seawater

It was reported that solvent extraction with CCl, can effectively
separate iodine from aqueous samples. However, the results of
tracer experimentswith 131] show that only about 40% of iodine
in seawater can be extracted. The main reason is probably the
high concentrations of chlorine and bromine in seawater and
similar chemical properties between Cl, Br and I. Our previous
work indicated that the recovery of iodine significantly
decreased with increasing concentrations of Cl— and Br— in
extraction.2s For the determination of 129 in seawater by AMS,
Zhous8 extracted iodine from seawater with CCl, after adding
stable iodine carrier (5-50 mg |—1), but no chemical yield was
reported. Our tracer experimental results indicate that the
recovery of iodine increases with increasing iodine concentra-
tion in solution. When the iodine concentration was increased to
2mgl—1and 10 mg|—1, therecovery of iodine reached 70% and
83%, respectively (Table 3).

In the extraction of iodine, the consumption of CCl, will be
huge for the treatment of alarge volume of sample. Considering
the chemical toxicity of CCl4 and economics, the reduction of
the sample volume of seawater before extractionisnecessary. In
addition, for increasing the chemical recovery of iodine in
extraction, alarge quantity of iodine carrier has to be added for
a large volume of seawater. This will interfere in the
determination of 129] by triple neutron capture reaction of 127]
and raise the Compton background by activity of 26| produced
by fast neutron activation of 127]. It can a so be partly overcome
by reduction of the sample volume. It has been reported that

Tablel Analytical results of some environmental samples for 129] and ratio of 129]/127|

129| 127| 129|/127]

Sampling Weight or Uncert.p Uncert.p Uncert.p
Sample date Sampling location  volume Amount/g Conc/lgg—1a (%) Amount/g Conc/g g—1ac (%) Ratio (%)
Grass 22-09-98  Roskilde 409 556 x 10-12 139 x 1013 781 1.00 x 10-6 271 139x 107 830
Grass 22-09-98  Roskilde 409 512 x 10-12 128 x 10-13 4,93 9.50 x 107 2.84 135x 107 571
Grass 20-09-98 Valby 409 541 x 10-12 1.35x 10-13 530 4.90 x 107 2.94 276 x 107  6.04
Grass 20-09-98 Valby 409 514 x 10-12 129 x 10-13 278 4.65 x 107 2.10 277 x 10-7 348
Seawater  21-09-98  Roskilde Fjord 41 9.95 x 10-12 249 x 10-12 359 3.00 x 105 2.10 830 x 108 415
Seawater  21-09-98  Roskilde Fjord 101 235 x 10-11 235x 10-12 209 3.00 x 10-5 2.10 783 x 108 296
Seawater  01-09-98  Roskilde Fjord 51 104 x 10-11 208 x 10-12 3,69 3.00 X 10-5 2.10 693 x 108 411
Fucusves. 06-09-88 Rujkjavik Havn 409 499 x 10-11 125 x 10-12  0.65 111 x 103 277 x 104 0.25 450 x 102 070
Fucusves. 14-12-89  Iceland (1) 409 521 x 10-12 130 x 10-13  6.20 132 x 10-3  3.30 x 104 0.22 395 x 10~ 6.20
Fucusves. 25-12-89 Iceland (2) 409 865 x 10-12 216 X 10-13  4.38 145 x 103 364 x 104 0.40 597 x 10-10 439
Fucus ves. 14-04-92  Klint, Denmark 109 243 x 10-10 243 x 10-11  0.90 375 x 103  3.75x 104 1.40 6.48 x 108 161
Fucusves. 13-11-89  Klint, Denmark 109 131 x10-10 131 x 1011 075 328 x 10-3 328 x 104 127 399 x 10-8 148
Soil 11-01-99  Roskilde, Denmark  3.0g 136 X 10712 452 x 10-13 186 592 x 10-6 174 763 x 108 187
Soil 11-01-99  Roskilde, Denmark  5.09g 216 x 1012 432 x 10-13 10.2 5.92 x 10-6 174 7.30 x 108 187
Blankd <17 x 10-13 8.34 x 10-6 152
Blanke <14 x 10-13 <76 x 106
Blankf <18 x 10-13 <6.9 X 10-6
1314 88MBg 6.54 x 10—° 0.13 <34 x 10-5
125) 05kBg <20x 10-13 3.99 x 10-5 6.70

a The concentration unit of 1291 and 127 in seawater is g I=1. P Uncertainty is defined as counting uncertainties at the 95% confidence level. ¢ The concentrations of 127I in
grass, seawater and soil were determined via measuring 128] (Ty, = 25 min) produced by reaction 127I(n, y)128] . dUsing 4 | deionized water instead of seawater, other chemicals
and analytical procedure were the same as seawater except no K| carrier addition. €120 ml of 1.0 mol |-1 KOH solution, other chemical's and analytical procedure were the same
as seaweed except no seaweed and 125 addition. f 10 g KOH, other chemicals and analytical procedure were the same as soil except no soil and 125 tracer addition.
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iodidein basic solution is quite stable on evaporation under low
temperature.26 We studied the loss of iodine in seawater under
evaporation using 31| tracer. Theresults show that withpH >9,
94-98% of iodine (as|— and 105;~) was retained in the solution
after evaporation on a hotplate with boiling and with more than
20-fold concentration of seawater. Thus, before evaporation, the
pH of seawater was adjusted to more than 9.0 by KOH. The
analytical results of three seawater samples indicate that the
recovery of iodine in the pre-concentration procedure ranges
from 56 to 62%.

In seawater, iodine occurs predominantly as dissolved iodate
and iodide.2” For extracting al iodine with CCl, as I, all
chemical species of iodine were usually oxidized to |04~ with
NaClO at pH 10, after which the 104~ was reduced to I, by
NH,OH-HCI at 2-3 mol |-1 of HNO3.828 It will consume a
large quantity of HNOs. Sulfurous acid or its sdlt is a strong
reductant, and was usually used to reduce I, to I— in the
determination of iodine. Our tracer experimental resultsindicate
that SO32— can aso rapidly and completely reduce IOz~ to |-
under acidic media (pH <6). Thus, in this work, al chemical
species of iodine in seawater were firstly converted to I — with
KHSO; at pH 1.0, after which the | — was then oxidized to |, by
NaNO, for extraction to the CCl, phase.

2.2 Separation of iodine from vegetation and soil samples

A combustion method is widely used for the separation of
iodine from vegetation and soil samples, in which the sampleis

Table2 Comparison of 129] level in some environmental samples

placed in a quartz tube and heated to 1000-1100 °C under a
stream of oxygen, and thereleased iodineistrapped by activated
charcoal or an alkaline solution.14-16,18,19,29-31 However, for
large amounts of vegetation samples, it is not very suitable
because of production of a lot of CO,, which makes the
complete retention of released iodine by alkaline solution more
difficult. If activated charcoal is used to trap the released iodine
and analysed directly by irradiation with neutrons, the impuri-
ties in charcoal, such as U, I, Cs, Te and Br, will probably
interfere in the determination of 129].

It has been reported that iodine can be easily separated from
seaweed, such as kombu (Laminaria japonica), by leaching
with deionized water and directly extracted by CCl, from the
leachate.32 This is based on the fact that most of the iodine in
seaweed can be leached by water and a large part of iodine
exists as inorganic iodine (I- and 103~) in the leachate.
However, our previous work indicated that, with the exception
of afew species of seaweed, such asLaminarajaponica, in most
species of seaweed, more than half of the iodine cannot be
leached by water, and the leached iodine exists in both organic
and inorganic forms.33-35 Even for Laminaria japonica, we
failed to separateiodine from water leachate by direct extraction
with CCl, because of difficultiesin isolation of the CCl, phase
from the agueous phase. This probably resulted from high
concentrations of organic substances in the leachate, such as
alginic acid and its sdlts.

Alkaline ashing followed by extraction or ion-exchange
separation of iodine has aso been reported for the pre-
separation of iodine from vegetation samples.36:37 It is easy to

Distance from  Possible Date Conc. of 129/

Sample Location of collection source/lkm releasing source collected mBq kg—1 Ratio of 129]/127| Ref.

Soil West Cumbria, UK <10 Sellafield 1983 280-1700 20

Sail Mol, Belgium 0-5 Mol June 1983  30-198 27 x 10-6-2.0 x 10-5 15

Sail WAK, Germany 1 WAK 1980 55.5 24

Soil WAK, Germany 235 WAK 20 22 x 107 23

Soil Upper Palatinate Environment Fallout 1987 0.133-1.26 1.52-66.1 X 10-8 38

Sail Japan 1-35 Reprocessing plant 1987 0.3-30 0.3-14 x 10-7 21

Sail Krasnaya Gora, Russia 220 Chernobyl Sept. 1991 9 9 x 107 16

Sail Mirny, Russia 200 Chernobyl Sept. 1991 23 1.3 x 106 16

Sail Ibaraki, Japan Environment Fallout 1985 1141 0.66-3.2 x 107 18

Sail Tokaimura, Japan Environment Fallout 0.8-13 0.1-3.0 x 107 19

Soil (IAEA-375) Russia Environment Fallout 1990 17 172 x 107 19

Silage West Cumbria, UK <10 Sellefield 1983 170-280 20
Vegetation Mol, Belgium 0-5 Mol June 1983  12-94 1.2-39 x 10-6 15
Vegetation Upper Palatinate Environment Fallout 1987 0.11-14.7 0.13-8.47 x 107 38

Pine needles Tokaimura, Japan Environment Fallout <0.8-30 <5x 1082 x 10-5 18
Hesather Gavle, Sweden Environment Fallout 1988 5.6 35x 107 16
Seaweed Iceland 1991 24-39 x 10-10 7
Seawater Kattegat 1992 3.26-6.2 x 10-8 8
Seaweed Iceland 1989 3.955.97 x 1010 This work
Seaweed Klint, Kattegat 1989-1992 3.99-6.48 x 108 This work
Seawater Roskilde Fjord 1998 6.983 x 10-8 This work
Sail Roskilde, Denmark 1999 29 7.45 x 10-8 This work
Grass Denmark 1989 0.84-0.91 1.37-2.77 x 10-7 This work

Table3 Recovery of iodine in seawater in extraction procedure

Recovery of iodine in extraction (%)

Concentration of
iodine added/mg 11

Concentration

fold of seawater First extraction

Loss of iodinein
back-extraction (%)

Total recovery

Second extraction of iodine (%)

1 0 37.2+34
1 2.0 622+ 39
1 10.0 782+31
10 0 264+ 4.2
10 2.0 538+ 2.6
10 5.0 61.1+38
10 10.0 66.8 + 3.8
10 20.0 796+ 24
Fresh water 0 964+ 1.8

46+ 18 06+0.3 412+ 32
6.7+18 04+04 69.5+47
59+ 32 06+03 83.2+48
36+12 05+0.3 283+ 3.9
59+32 04+03 60.2 £ 5.6
53+43 04+03 65.2+ 3.8
6.1+3.9 05+0.3 72.7+3.9
55+29 05+04 84.1+24
32+14 02+02 99.1+24
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operate and can avoid the above problems. Thus, in this work,
alkaline ashing or alkaline fusion followed by leaching with hot
water and extraction with CCl, was used for decomposition of
the sample and separation of iodine from grass, seaweed and a
small amount of soil (less than 5 g). Our previous work
indicated that the recovery of iodine in biological samplesin
akaline ashing was influenced by ashing temperature and the
quality of alkali added. Under optimum conditions of 650 °C for
ashing temperature and a 0.2-0.3 weight ratio of KOH to
sample, 70-85% of iodine can be recovered in the leachate.26 In
thiswork, arecovery as high as 98% was observed for seaweed
samples; it probably resulted from the highiodine concentration
(more than 100 ug g—?1) in seaweed. The total recovery of
iodine, including extraction, ranges from 60 to 65% for grass
samples and 85 to 97.5% for seaweed samples.

For soil, it was found that alkaline fusion at 600 °C is high
enough for the decomposition of samples. In the beginning of
the acidification of the filtered leachate, a large amount of
precipitate was produced, which was considered to be silica.36
However, with the addition of acid, the precipitate can be
dissolved; when the pH of the solution reaches 1.0, all
precipitate formed can be completely dissolved. Thus, in this
work, unfiltered leachate of fused soil was directly acidified
with HNO3 to pH <1.0. lodine was then extracted to the CCl 4
phase. The chemical yield of iodine in soil in the pre-
concentration procedure ranged from 70 to 79%.

By separation with an extraction and back-extraction cycle,
iodine as HI form was separated into the back-extracted
aqueous phase. For long term neutron irradiation in the reactor,
the sample is required to be dried and sealed in a container.
Lyophilization was usually used for this purpose.18.19.36 How-
ever, our previous work indicated that much iodide in any kind
of solution was lost in lyophilization.26 Therefore, in thiswork,
evaporation and drying of the separated iodine solution under
akaline conditions were used, in which MgO or LiOH was
added to convert HI to Mgl or Lil to retain an alkaline medium.
The results showed that only a small amount of iodine was |ost
in this procedure (recovery > 98.5%).

2.3 Interferences in the deter mination of 129] and 127|

Inthe NAA for 1291 and 1271, the nuclear reactions 1291 (n, v)130|
and 127[(n, 2n)126] were used. However, there are some
interfering nuclear reactions. These reactions are: 235U(n, f)129]
(n, y)1301; 235U(n, f)130]; 128Tg(n, y)129Te(B—)1201(n, v)130I;
133Cg(n, ®)1301; 127|(n, v)1281(n, y)120I(n, y)1*l and 125|(n,
v)128l. These interferences have been discussed in the lit-
erature.293941 However, the levels of various interferences
vary largely with the experimental conditions and separation
methods. Table 4 lists the magnitude of various interferences
calculated under the experimental conditions in this work. The

cross sections and fission yields used in these cal culations were
taken from refs. 42 and 43.

Thevariousiodineisotopesincluding 130 can be produced by
the thermal neutron fission reaction of 235U. The 529 keV y-ray
of 133] in most of the samples and 364 keV y-ray of 31| in some
sampleswere found. By measuring 133, the amounts of uranium
impurities in counting sources of various samples were
calculated. The results indicate that the uranium contents were
lower than 5 x 10—9 gfor soil and 1 x 10—° g for other samples.
Thus, the 130] produced by uranium is equivalent to less than 2
X 10—15 g of 129] in soil and 4 X 10—16 g in other samples. In
this work, the separated 1291 in every sample is more than 1 X
10—12 g. Therefore, the interference from uranium impuritiesis
negligible.

Besides 1301, 131] can be also produced by neutron activation
of natural Te. By measurement of 131 and subtracting the
contribution from 235U, the Te content in counting sources of
various samples was calculated; it islower than 5 x 10—9 g for
soil samples and 2.3 x 10-8 g for others. The maximum
contribution of 13| induced by Te equivalent to 10—14 g 129] can
be regarded as negligible.

The Cs concentrations in soil, seaweed and grass are
generaly lower than 40 ng g—1.3334.44 Thus, the interference
from Cswill belessthan 1% even if all Cswasrecovered in the
pre-concentration procedure.

The interference from the reaction of 1271(3n, y)10| varies as
the square of the therma neutron flux density and increases
directly with the length of the irradiation time.3°41 In our
irradiation conditions, the interference from 127] was less than
2% for seaweed and 0.02% for other samples.

For the determination of chemica yield, 1251 was usualy
added as tracer; the 126] induced by the reaction 1251(n, y)126|
serioudly interferes in the determination of 27| (Table 4). The
experimental results (Table 1) indicate that in the experimental
conditions, 26| induced by 100 Bq of 125 isequivaent to 8.0 ug
of 127], In this work, the iodine contents separated from grass
and soil ranged from 3.5 to 30 ug, and some carrier iodine was
added in seawater before separation. Therefore, 1271 concentra-
tions in grass, seawater and soil samples were determined by
measuring 128] produced by the 127I(n, y)28| reaction. For
seaweed, because a large amount of 127] was separated (>3
mg), theinterferenceinduced by 100 Bq of 125| tracer was|ower
than 0.3%. Therefore, the 127| concentration in seaweed was
simultaneously determined with 1291 by measurement of 126],

Due to the high y-ray energy of 31|, some authors used it as
atracer for the determination of chemical yield.45> However, 129]
can be simultaneously produced during the preparation of 131];
thus, addition of 131] tracer probably interferesin the determina-
tion of 129]. It was reporteds30.36.46 that the isotopic ratio of 1291/
131] ranges from 2.6 X 10-13to0 1.8 x 10—12 g 129 kBq—1 131
in some 131] tracer solutions. Our results (Table 1) indicate that
the 1291 concentration in the 131 tracer used in this experiment
iS7.6 X 10—13g 129 kBg—1131]. Thus, for the samplewith alow

Table4 Nuclear interferences calculation in the determination of 129 and 271 (P, = 4 X 108 ncm—2s4 Py = 2 X 101t necm—2s-1, &; = 1 X 1012
ncm—2 s-1; irradiation time, 10 h; activities at the end of the irradiation are given)

Nuclear reaction

Induced activities of iodine isotopes

Amount of element
required to produce
130] equivalent to 10—12 g 129]

129) (n, 4)130|

2351(n, £)1291(n, v)130| and 235U(n, f)130|
235, )13

235, )13

128Te(n, y)129Te(B—)1291(n, y)13l
130Te(n, y)131Te(B )13

133Cg(n, «r)130]

127)(n, y)128](n, y)1291(n, )12l

127|(n, 2n)126]

125|(n, y)126|

1.2 x 1012 B30l /g 129]

4.6 x 105 Bq130l/g U

2.6 x 108 Bg3tl/g U

8.2 x 10° Bgi33l/g U

5.2 x 105 Bgi30l/g Te

5.6 x 108 Bgl3ll/g Te

6.4 x 102 Bg'3°l/g Cs

7.2 Bg0l/g 127|

1.0 X 104 Bg26l/g 127|

4.1 x 1012 Bg12s|/g 125| (or 1 Bofi26l/kBo 125] )

26ug

23ug

19mg
170 mg
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Table 5 Detection limits of 129 and 127 by NAA (® = 4 x 1013
ncm—2s-14;, Ti = 10h; Td = 15h; Tc = 10 h)

Detection limit Grass Seawater Seaweed Soil
129] (10-13 g) 21 18 3.0 22
129] (10-6 BQ) 1.3 1.1 1.9 14
129] (10° atoms) 1 0.85 1.4 1.0
127] (10-6 g) 8.4 9.8

129] concentration, addition of 131| tracer will result in a serious
interference. Because 1291 cannot be produced in the preparation
of 125], 125] was chosen for chemical yield determination in this
work.

2.4 Reagent blank

Because numerous chemical reagents were used in the pre-
irradiation separation, and the 129] content in some samples was
very low, the reagent blank and contamination from the
laboratory environment should be considered. In this work,
three blank samples were treated using the same method as that
for seawater, seaweed and soil, respectively, except using
deionized water instead of the sample. The results (Table 1)
indicate that no 129] can be detected in all three kinds of blank
samples; the 1271 in blank samples was also lower than the
detection limit.

2.5 Detection limit of 129] and 127|

Pre-irradiation chemical separation and post-irradiation purifi-
cation of iodine can eliminate most nuclear and chemical
interferences. However, the interference from some iodine
isotopes, such as 126, cannot be eliminated. When the ratio of
129]/127] js low, or the fast neutron fraction is high in the
irradiation site, the interference from the Compton background
of 128] will be very serious and it will make the detection limit
of 1291 worse. For elimination of this interference and
improvement of the detection limit of 1291, the coincidence
measurement technique and isotopic separation after irradiation
were applied.17.30.31.39 Because the flux ratio of fast to thermal
neutrons in the irradiation channel in this work was very low
(2.5 x 10-3), it is beneficia for the measurement of 129]. The
detection limits of 1291 and 127] in various samples calculated
according to the Currie formula?” arelisted in Table 5. It can be
observed that adetection limit of 129] aslow as2 X 10—-13gwas
obtained. However, the detection limit of 127] by measurement
of 126] was worse; this was overcome by measurement of 128|,
in this case, aslow as 1 X 10—° g 127| can be detected.25
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